Step-scanning calorimetric measurements using a Setaram HT1500 calorimeter were performed between 800 and 1400~ on two natural samples: a ugandite from the East African rift and an olivine basalt from the western Mexican arc. Our measurements provide the first in-situ quantitative assessment of enthalpy during melting of initially crystalline natural samples. The distribution of latent heat across the liquidus-solidus intervals of the two samples is distinctly different, reflecting significant variation in the sequence and abundance of mineral phases during melting (clinopyroxene and leucite in the ugandite; olivine, clinopyroxene, and plagioclase in the basalt). Our data further indicate that the common assumption of a uniform distribution of latent heat across the liquidus-solidus interval of a magma is a reasonable approximation for the olivine basalt, but is grossly in error for the ugandite. This is due to cotectic precipitation of leucite and clinopyroxene, leading to a large, disproportionate release of latent heat early in the crystallization sequence. The implication for the thermal history of a crystallizing ugandite magma is that the rate of heat loss during conductive cooling will initially be more rapid than the average rate. The net result will be to produce lower magmatic temperatures after a given cooling interval relative to models assuming a uniform release of latent heat. An additional series of scanning calorimetric experiments were performed at variable rates (1, 2, and 3~ to evaluate the role of kinetics on the distribution of enthalpy during both melting and crystallization of the ugandite and olivine The results indicate that clinopyroxene is the most important mineral phase in controlling the shapes of the enthalpy profiles during cooling; this is due to its large enthalpy of fusion and its tendency for sluggish nucleation, followed by rapid crystallization at temperatures that vary with cooling rate. The resolution of the calorimeter (in terms of heat detected per unit time) is also important in determining the shapes of the observed enthalpy profiles during these rapid scans. Estimates based on the observed calorimetric signal associated with melting of olivine, and the lack of a calorimetric signal during melting of leucite, combined with known enthalpies of fusion for the two phases, indicate detection limits of approximately 0.6-1.2 kJ per 5 rain increments.
Introduction
The contribution of latent heat to the thermal evolution of crystallizing magma bodies has been the subject of numerous studies (Lovering 1936; Larsen 1945; Jaeger 1959 Jaeger , 1961 Brandeis et al. 1984; Spohn et al. 1988; Delaney 1988; DeYoreo et al. 1989; Ghiorso 1991; Cashman 1993) . In general, the thermal history of a cooling magma body is controlled by a balance between the rate of heat loss to the surrounding country rocks, the heat capacity of the partially molten region, and the production of latent heat associated with crystallization. A significant uncertainty in modelling heat transfer in crystallizing magma bodies arises from deciding how best to model the latent heat term; it enters the differential equation of heat flow as a source term (Carslaw and Jaeger 1959) , and therefore must be known a priori as a function of both distance and time.
Solution to this problem has generally involved one of two assumptions: (a) latent heat is released from a magma at a single crystallization temperature, or (b) the total amount of heat released is averaged uniformly over the crystallization interval. The first assumption is wrong, and the second is an over-simplification. Not only does crystallization in a magma proceed over a large liquidus-solidus interval (typically 250-350~ but the sequence of crystallization can also vary dramatically between magma types, leading to a non-uniform liberation of latent heat that is unique for each magma. For example, when and if the crystallization path of a magma reaches a two-or three-phase cotectic, there will be a disproportionately large release of heat relative to a comparable cooling interval where only one phase is crystallizing. This effect has been quantitatively demonstrated by Ghiorso (1991) using a thermodynamic solution model (Ghiorso et al. 1983 ) to calculate the equilibrium crystallization path and enthalpy release for two different magma types: a tholeiite and a boninite. In that study, it was shown that the heat outputs accompanying equilibrium crystallization of the two magma types are quite distinct and are not uniform functions of magmatic temperature.
Documenting enthalpy variations across the liquidus-solidus interval is important not only for studies of crystallization, but also for studies of melt generation in both crustal and mantle source regions. For example, DeYoreo et al. (1989) suggested that the volume of crustal melt produced following a tectonic thickening event can vary by more than a factor of two when the distribution of latent heat over the melting range is changed from linear to quadratic.
Currently, all our information on the release (or absorption) of enthalpy in crystallizing (or melting) magmatic systems is derived from heat of fusion measurements on various pure, end-member mineral components (e.g., CaMgSi206, NaA1Si3Os, NaA1SiO4, CaA12Si2Os, CaSiQ, Mg3A12Si3012; Stebbins et al. 1983; Richet and Bottinga 1984) . In this paper, we provide the first direct measurements of enthalpy during both melting and crystallization in a natural multicomponent system, specifically a ugandite and an olivine basalt. Our measurements were obtained using a Setaram HT1500 calorimeter in step-scanning mode (Lange and Navrotsky 1992) ; this approach involves measuring the change in enthalpy of a sample during heating (or cooling) over a small temperature interval (10~ Two types of experiments are reported: (a) quantitative measurements of "apparent" heat capacity during melting of initially crystalline samples of a ugandite and an olivine basalt, and (b) qualitative enthalpy profiles during both melting and crystallization of a ugandite and an olivine basalt over a range of cooling and heating rates. The latter experiments are used to evaluate the effect of both composition and kinetics on the non-uniform distribution of enthalpy across the liquidus-solidus interval.
Experimental methods
Two samples were chosen for this investigation, an olivine basalt western Mexican volcanic arc; Carmichael et al. unpublished work) and a ugandite (U-150, east African rift, western Uganda; Brown 1971); their compositions are presented in Table   Table 1 Kilinc et al. (1983) assuming equilibrium in air at 1400~
1. These samples were chosen because they have low viscosities, which reduces problems with kinetic delays in melting and crystallization. Moreover, each rock is characterized by a completely different phenocryst assemblage; clinopyroxene and leucite are the dominant phases in the ugandite, whereas olivine, clinopyroxene, and feldspar occur in the olivine basalt. Before calorimetry, each sample was pre-loaded into a 95% Pt-5% Au capsule and fused overnight in a box furnace in air above its liquidus. The capsule was then cleaned with HF and a fresh batch of sample was re-loaded into the same Pt-Au capsule. This presaturation procedure, combined with the fact that the calorimetric measurements were performed in air, minimized iron loss from the sample to the capsule.
Calorimetric measurements were made with a Setaram HT-1500 calorimeter in both step-scanning mode (for quantitative measurements of apparent heat capacity) and scanning mode (for qualitative "instantaneous" enthalpy profiles). Because the apparatus and experimental procedure have been described in detail by Lange et aI. (1991) and Lange and Navrotsky (1992) , only a brief summary is presented here. The calorimetric detector consists of an upper and lower thermopile surrounding a sample and reference chamber respectively. Approximately 1 g of sample was held in a 95% Pt-5% Au crucible that was contained within the sample chamber in air. During a step-scanning run, the thermopile voltage was monitored as the temperature was raised at a rate of l~ over 10~ A 10 min heating period was followed by a 15 rain isothermal interval to allow thermal equilibration (and the voltage to return to baseline). A typical run consisted of ten heating steps. The integrated area under each voltage peak represents one datum point. A single, step-scanning experiment consisted of three runs: a blank (empty Pt crucible), a calibration (corundum powder), and a sample 9 The results of the blank were subtracted from those of the calibration and sample runs, and the corundum Cp data of Robie et al. (1978) were used to derive Cp values for the samples. A detailed discussion of the precision and accuracy of these experiments is found in Lange and Navrotsky (1992) 9 The standard deviations on the average integrated areas for the blank, calibration, and sample runs lead to a propagated error on C_(sample) of 5-10%.
Experiments were also conducted in scanning mode. In this approach, the voltage difference between the sample and reference thermopiles was monitored as a sample was cooled (crystallized) or heated (melted) at a constant rate (one, two, and three ~ in different experiments). The calorimetric signal recorded across the liquidus-solidus interval of each sample is directly proportional to the instantaneous enthalpy release or absorption during crystallization and melting, respectively.
Cooling and heating quench experiments. Simulations of each calorimetric experiment were performed in a quench vertical tube furnace. Samples were run through the same thermal history as experienced in the calorimeter, and quenched at various temperatures corresponding to "key" regions observed in the calorimetric experiments. This was necessary because actual calorimetric runs cannot be quenched but cool over several hours before disassembly. The quenched samples were cut in half and mounted in epoxy for electron microprobe analyses and back-scattered electron (BSE) images. Analyses of the quenched charges were performed using a Cameca Camebax electron microprobe; standard operating conditions consisted of a focused electron beam, an accelerating current of 15 kV, and a sample current of 10 nA. Backscattered electron images were obtained with a Hitachi S-570 scanning electron microscope at the University of Michigan and a JEOL 6300 scanning electron microscope at the University of Oregon. Measurement of sample modes was performed by digital image analysis of BSE images using Dapple "Prism" software. On samples where the gray scale contrast of individual phases was insufficient to differentiate between them, modes were measured based on single x-ray element maps; discrimination of phases was performed using Link software. In-situ measurements of latent heat during melting
Quantitative measurements of "apparent" heat capacity (the absorption of latent heat over 10~ increments):
were made during melting of the initially crystalline ugandite sample and olivine basalt sample. The powdered rocks were initially taken to temperatures above their liquidi (1300~ and 1400~ respectively), then cooled slowly (5~ to 800~ and held there for 24 h prior to the first calorimetric step-scanning run. The same heating and cooling sequences were also performed on each rock in a vertical tube quench furnace; samples were quenched at 800~ in order to determine their modes at the beginning of their respective melting calorimetric runs.
Ugandite
The fully crystalline ugandite sample has a modal composition of approximately 25% leucite, 45% clinopyroxene, 16% titanomagnetite, 7% perovksite, 4% nepheline, and 3% olivine at 800~ Calorimetric measurements were collected between 818 and 1378~ heat capacities (based on the change in enthalpy over each 10~ interval) are reported in Table 2 and Fig. 1 . The most striking feature is the abrupt rise in heat capacity that begins at approximately 1050~ peaks at 1200~ and then falls to a relatively constant value at ~ 12500C.
Simulation melting experiments in a quench furnace indicate that at 1050~ there is ~ 20% melt, and leucite, clinopyroxene, olivine, and spinel are the only remaining phases. Resorption textures further show that the abrupt rise in heat capacity at ~ 1050~ corresponds to the onset of melting of clinopyroxene; this is followed by significant melting of leucite by ~ 1160~ Clinopyroxene is completely melted by 1220~ leucite is gone by 1250~ and olivine and titanomagnetite persist until 1267~ The small peak at ~ 1310~ appears to be an artifact (reflecting the scatter in the data at high temperature) since quenched melting runs have only pure glass between 1270 and 1310~ Figure 1 shows that the Cp curve can resolve the liquidus temperature of the ugandite sample, although definition of the solidus is less clear. This is because the melt fraction across the liquidus-solidus curve is not linear. For example, only ~ 20% of the rock melts during the first 200~ of the solidus-liquidus interval (850-1050~ whereas more than 75% melts over the next 200~ (1050-1250~
The region close to the liquidus is, therefore, much more readily resolved than the solidus by calorimetry.
The distribution of enthalpy across the liquidussolidus interval was calculated by integration of the heat capacity curve in Fig. 1 using the following relationship'
Ti where T~ is the initial temperature of measurement and T is the experimental temperature. Area integration was performed by cubic interpolation of the data points with the stipulation that at 1200~ the Cp reaches a maximum. Although the enthalpy of the crystalline sample at T~ (807~ relative to its standard state enthalpy at 25~ is not known (i.e., Hs07-H25oc), the difference in relative enthalpy between the solidus and liquidus temperatures can be readily computed. Values of HT HTi for the ugandite sample are listed in Table 2 . The total enthalpy of fusion is 49 kJ/gfw 1 for the multiphase rock.
Olivine basalt
The distribution of latent heat during melting of the olivine basalt sample is distinctly different from that for gfw = gram fromula weight = EXjMW~, where X~ is the mole fraction of each oxide component and MW i is the molecular weight of each oxide component Table 3 and Fig. 2 . In contrast to the ugandite Cp profile, the most striking feature in Fig. 2 is the lack of a well-defined peak at the liquidus temperature. From quenched melting experiments undergoing the same thermal history .as in the calorimetric run, it is clear that ~ 85% of the rock has melted by 1260~ yet olivine and spinel do not disappear until 1343~ In contrast to the ugandite, the last 15% of melting occurs over 80~ There is only a subtle reflection of this feature in the calorimetric curve. In contrast, the solidus is fairly well marked by the bump in the calorimetric curve that begins at ~935~ and marks the initial melting of alkali feldspar. The more significant rise in the Cp curve, which begins at 1050~ and peaks at ~ ll70~ corresponds to the melting of both plagioclase and clinopyroxene, which are completely gone by 1200~ Quench melting experi- Temperature (~ Fig. 3a,b Comparison of the measured heat capacity curves during melting of a the ugandite and b the basalt with those calculated (dashed curves) assuming a uniform distribution of latent heat. By defintion, integrations of the measured and calculated heat capacity curves lead to the same enthalpy of fusion for each sample
How good is the assumption of a uniform distribution of latent heat?
We can now compare our in-situ measurements of latent heat during melting of the ugandite and olivine basalt samples with the common assumption that latent heat is Tables 2 and 3 for comparison to the measured values. Integration of the "uniform" Cp curves was performed using the relation in Eq. 1 ; the "uniform" distribution of enthalpy is compared with that obtained from our in-situ measurements in Tables 2 and 3 and Fig. 4a, b . By definition, integration of the "uniform" Cp curve leads to the same total enthalpy of fusion between the solidus and liquidus for each sample. What is different, however, is the rate at which heat is absorbed (or released) during melting (or crystallization) as a function of temperature. We can now use the measured and calculated distributions of enthalpy for each sample to infer cooling histories. For example, examination of the in-situ enthalpy measurements on the ugandite sample (Fig. 4a) indicates that latent heat will be released at a faster rateper increment drop in temperature relative to a model in which latent heat is distributed uniformly across the crystallization interval. This is caused by cotectic precipitation of leucite and clinopyroxene, leading to a large, disproportionate release of latent heat early in the crystallization sequence. This requires that the rate of heat loss during conductive cooling of this ugandite magma will initially be more rapid than the average rate. The net result will be to produce lower magmatic temperatures after a given cooling interval, relative to models assuming a uniform release of latent heat. Ghiorso (1991) observed the same phenomenon when modelling the conductive cooling path of an olivine tholeiite from Thingmuli, Iceland. In that study, Ghiorso's thermodynamic model (Ghiorso et al. 1983 ) was used to show that olivine, plagioclase, and clinopyroxene all crystallize within 30~ of the liquidus temperature. Just as in the case of the ugandite magma, there is a disproportionately large release of latent heat accompanying this cotectic precipitation that occurs early in the crystallization interval. Ghiorso (1991) further showed that the assumption of a uniform distribution of heat leads to an overestimation of the magmatic temperature (during conductive cooling of a 1000 km 3 olivine tholeiite magma body) by as much 600C after 500,000 years of cooling, and ~100~ after 700,000 years of cooling. In other words, the crustal residence time of a cooling olivine tholeiitic magma body will be overestimated. Similar conclusions can be drawn regarding the cooling history of the ugandite magma body or any magma which crystallizes a large proportion of phases (i.e., reaches a cotectic) early in its crystallization sequence.
The distribution of latent heat across the liquidussolidus interval of the olivine basalt is in direct contrast to this behavior. Unlike the ugandite, the olivine basalt undergoes a protracted crystallization sequence in which olivine is the dominant precipitating phase for over 200~ before the system reaches a cotectic, first with clinopyroxene and then with plagioclase. Although there is a large release of latent heat at this point, the important aspect is that it occurs approximately in the middle of the liquidus-solidus interval. In Fig. 4b , the distribution of enthalpy derived assuming a uniform release of latent heat is very similar to that derived from our in-situ measurements. In other words, the approximation of a uniform distribution of latent heat is quite good for the olivine basalt sample. This behavior is similar to that calculated by Ghiorso (1991) for a boninite magma. In that study, Ghiorso's thermodynamic model was used to demonstrate that a boninite magma also undergoes a long crystallization sequence in which orthopyroxene is the only precipitating phase for over 200~ until it finally reaches a cotectic with plagioclase. Again, the large pulse of released latent heat occurs approximately midway through a long, protracted liquidus-solidus interval. The conductive cooling model of Ghiorso (1991) demonstrates that the approximation of a uniform distribution of latent heat is a good one for 175 the boninite, primarily because the large heat release at the cotectic occurs in the middle of the crystallization sequence.
A corollary to these observations is that a magma undergoing signficant crystallization at temperatures very close to the solidus (e.g., crustal melts under watersaturated conditions; see Wyllie 1977; Wickham 1987) will not be well approximated as having a uniform distribution of latent heat. For such magmas, there will be a disproportionate release of latent heat late in the crystallization sequence. In this case, the rate of heat loss during conductive cooling will initially (near the liquidus) be slower than the average rate. The net result will be to predict higher magmatic temperatures after a given cooling interval relative to models assuming a uniform release of latent heat. In other words, the crustal residence time for such a cooling magma body will be underestimated.
Enthalpy profiles during melting and crystallization as a function of cooling and heating rates
An additional series of scanning calorimetric experiments were performed to evaluate the role of kinetics on the distribution of enthalpy during melting and crystallization. During these runs, the thermopile voltage was monitored as each sample was cooled and heated at a given rate (1, 2 and 3~
The calorimetric signal is directly proportional to the "instantaneous" release or absorption of latent heat during crystallization and melting, respectively. These experiments demonstrate that a variation in cooling and heating rate can give rise to dramatically different enthalpy profiles (Fig. 5) .
Another goal of the scanning experiments was to determine the minimum heat content per unit time that can be resolved by the calorimeter during these rapid scans. A series of BSE photographs (Figs. 6, 7) were taken of both the olivine basalt and ugandite samples quenched from simulated heating and cooling experiments at two different rates: 3 ~ and l*/min. Quench temperatures closely correspond to the beginning, peak, and final temperatures over which a heat effect could be resolved from the respective calorimetric curves in Fig. 5 . Tables 4 and 5 list the modes for each sample, allowing correlation of mineral abundance to "key" regions along the calorimetric curves. Quantification of the modes allows constraints to be placed on the minimum extent of crystallization (or melting) of various mineral phases that can be detected. In other words, it is possible to determine how much of each phase per unit time must be crystallizing (or melting) in order to be resolved by the calorimetric signal.
Olivine basalt: heating and cooling scans
The results of heating and cooling scans at variable rates (1, 2, and 3~
for the olivine basalt are present- Fig. 5 Temperature (~ ed in Fig. 5a . Prior to each run, the samples were taken to 1300~ held for six hours, and then cooled slowly (5~ to 800~ For the heating runs, the experiments then began at 800~ In Fig. 5a , it can be seen that the temperature interval over which a heat effect can be resolved for the olivine basalt is a function of both (1) whether the sample is being heated or cooled and (2) the scanning rate. For relatively rapid (3~ heating and cooling scans, the heat effect is resolved over intervals of 186 and 90~ respectively. The highest temperature for which a heat effect can be resolved is 1248~ for the heating scan and 1100~ for the cooling scan. The modal data (Table 4) show that the upper temperature limits correspond to melt fractions of 0.96 at 1248~ during heating and 0.89 at l l00~ during cooling. The difference between the two melt fractions is small (.07), given the estimated error in the modes (+_ .05). Therefore, the large difference in the upper limit temperatures (1248 and 1100~ primarily reflects the kinetic suppression of nucleation and crystallization during rapid cooling compared to kinetic hindrances to melting during heating. There is very litttle difference in the lower temperature limits (for which a heat effect can be resolved) between the rapid heating and cooling scans (1062 and 1025~ respectively); both lower temperatures correspond to a melt fraction of 0.72 (Table 4) .
For the slower heating and cooling scans (l~ the latent heat effect is resolved over larger temperature intervals relative to the faster scans (3~ During heating, the temperature interval is 235~ at l~ (vs 186~ at 3~ whereas during cooling, the interval is 168 (vs 90)~ The highest temperature for which a heat effect can be resolved is ~ 1270~ for the heating scan and ~1170~ for the cooling scan; both upper limit temperatures correspond to a melt fraction of ~0.92. Again, the difference in the upper limit temperatures (1270 vs 1170~ can be attributed to kinetic delays in nucleation during cooling. As observed for the rapid scans, there is not much difference in the lower temperature limits (1025 and 1002~ respectively) between the heating and cooling scans at l~ both temperatures correspond to melt fractions of 0.68 (Table 4) .
The most striking feature of the basalt heating and cooling scans at both 3 ~ and l~ is that the latent heat profiles only reflect ~ 20-30% melting and crystal- lization. The modes in Table 4 indicate that plagioclase never crystallized during the cooling runs and was never present at the beginning of a heating run. This reflects the sluggish nucleation of feldspar in the basalt liquid. Prior to the heating runs, the olivine basalt was not held at 800~ long enough (only 6 h) to crystallize feldspar. In contrast, prior to the step-scanning run of the olivine basalt (results shown in Fig. 2 ), the sample was held for 48 h. The presence of crystalline feldspar at the beginning of the step-scanning experiment, in addition to the improved detection limits when running in step-scanning vs scanning mode (see Lange et al. 1991 for detailed discussion), led to the vastly different calorimetric profiles observed during heating of the olivine basalt at l~ between Fig. 2 and Fig. 5 . It should also be noted that the sharp peak observed for the olivine basalt sample during the rapid cooling scan (3~ corresponds to the onset of clinopyroxene crystallization during cooling (~ 14% at the peak temperature). In marked contrast, during the slower cooling scan, the effect of clinopyroxene (~ 10% at 1078~ is barely detected in the calorimetric signal. Again, the differences between the two profiles (rapid vs slow cooling), can be attributed to how much heat per unit time can be resolved with the calorimeter.
Ugandite: heating and cooling scans
The results of heating and cooling scans at variable rates (1, 2, and 3~ for the ugandite are presented in Fig. 5b . Prior to each run, the samples were taken to 1300~ held for 6 h, and then cooled slowly (5~ to 800~ For the heating runs, the experiments then began at 800~ One of the striking features of the ugandite scans is that the temperature interval over which a heat effect can be resolved appears to decrease as both the heating and cooling rates decrease; this is opposite to the trend observed for the basalt. For relatively rapid heating and cooling conditions (3~ the heat effect is resolved over 158 and 138~ intervals respectively, whereas for slower heating and cooling conditions (l~ the heat effect is resolved over shorter intervals of 115 and 64~ respectively.
From Table 5 , it is clear that in all four cases (rapid and slow heating; rapid and slow cooling), the lowest temperatures for which the heat effect can be detected all correspond to a relatively constant melt fraction of 0.2 0.3. In contrast, the heating and cooling rate determines the extent to which crystallization or melting near the liquidus can be resolved. For example, during rapid (3~ heating and cooling, the highest temperatures for which a heat effect is resolved correspond to a constant melt fraction of ~0.9, whereas during slow (l~ heating and cooling, the highest temperatures correspond to a melt fraction of ~0.7. This observation is important in terms of the resolution of the calorime-ter. During the slow cooling scan (l~ a full 30% of crystallization occurs near the liquidus that is undetected by the calorimetric signal. Again, this demonstrates the sensitivity of the calorimeter to the heat produced per unit time.
The effect of kinetic delays to the nucleation of clinopyroxene is also evident from the ugandite scans at variable cooling rates. For example, the highest temperatures for which a heat effect can be detected are very different between heating and cooling scans performed at the same rate (e.g., 1232 vs 1130~ at 3~ and 1209 vs 1142~ at l~ As for the olivine basalt, this clearly shows the kinetic suppression of nucleation and crystallization during cooling compared to kinetic hindrances to melting during heating.
An additional important observation that can be drawn from the calorimetric curves relates to the difference in viscosity between the olivine basalt and ugandite liquids. The modal data found in Table 5 indicate that during the rapid scans (3~ the ugandite calorimetric curves reflect ,-~ 50-60% of crystallization and melting; this is twice what is observed for the olivine basalt. This difference is due to the fact that the ugandite melt is significantly more fluid than the olivine basalt melt, allowing leucite to nucleate more readily than plagioclase. Significant crystallization of leucite occurs, therefore, during rapid cooling, and the resulant release of latent heat is observed. Consequently, a significant proportion of leucite (~ 30-40%) is present in the ugandite sample prior to all heating runs; 6 h at 800~ is clearly sufficient time to allow leucite to crystallize fully in the charge. The contribution from the melting of leucite to the latent heat profile is, therefore, always observed during the heating runs.
Detection limits (kJ/min) of the calorimeter in scanning mode
The minimum amount of heat per unit time that is resolved by the calorimeter can be estimated by calculating how much of any one phase melted or crystallized without detection during various heating or cooling scans. For example, during the 3~ heating scan of the olivine basalt, the calorimetric signal obtained at temperatures above the peak (signalling the completion of clinopyroxene melting) can be attributed exclusively to the melting of olivine. The data in Table 4 indicate that approximately 4 (_+2) mol% 2 olivine crystallized over a 48 ~ interval (1248-1240~
The curve in Fig. 5a shows that this was readily detected by the calorimeter. Electron microprobe analyses indicate that the composition of the olivine ranges between FO96 and FO94 (the high forsterite content is a consequence of running the experiments in air). The heat of fusion of FO95 over the temperature range of 1248 to 1200~ can be calculated from the heats of fusion of pure forsterite (~ 142 kJ/mol at its melting point of 1901~ Richet et al. 1993 ) and pure fayalite (89.3 kJ/mol at the metastable congruent melting point of 1217~ Stebbins and Carmichael 1984) . Extrapolation of these values to the temperature range of interest was accomplished using the heat capacity for crystalline forsterite and fayalite of Berman (1988) We can test this estimate using the crystallization of leucite in the ugandite scans. During the l~ heating scan, ~ 16 mol% leucite and ~ 5 mol% clinopyroxene still remains in the sample by 1209~ Additional quench experiments on the ugandite sample cooled at l~ show that < 1% clinopyroxene and ~ 10 mol% leucite is present in the charge at 1220~ and that<4 mol% leucite is present in the charge at 1250~ Therefore, between 1250 and 1220~ approximately 6 mol% of leucite melted and was not detected in the calorimetric signal. We can estimate the heat of fusion for leucite using the value suggested by Ghiorso and Carmichael (1987) of -3.05 kJ/mol at room temperature (a correction of 10 kJ/mol from the value given by Kelley 1960) . Extrapolation of this value up to 1250-1220~ was achieved using the heat capacity for crystalline leucite of Robie (1978) and Lange et al. (1986) , and the heat capacity for liquid KA1Si206 using the algorithm of Lange and Navrotsky (1992) ; these calculations led to a heat of fusion for leucite of ~ 80.5 kJ/mol at 1235~ Crystallization of ~ 6 (_+ 2) tool% leucite over a 30~ interval, during a heating rate of l~ corresponds to 1.0 mol% leucite over a 5 min interval. Using the heat of fusion of ~ 80.5 kJ/mol for leucite indicates that the production of ,-~0.81 kJ per 5 min increment could not be resolved. Given the error in this estimate of approximately _+ 0.4 k J, as well as the results presented above for olivine, the detection limit is probably not less than 0.6 kJ and not more than 1.2 kJ per 5 rain increment. This range is within the detection limit estimated by Lange et al. (1991) of 1 1.2 kJ per 5 min interval, based on cooling scans (l~ of diopside liquid.
Conclusions
2Uncertainites in modal abundance are small (+2 modal %) when only one mineral phase (not including spinel which is very bright in a back-scattered image) is present.
Continuous scanning experiments provide a "snapshot" picture of the instaneous release (or absorption) of enthalpy, and can thus be applied to studies of crystallization and melting as a function of cooling and heating rate. Kinetic information can only be obtained, however, when the detection limit of the calorimeter (between 0.6-1.2 kJ per 5 min increment) is taken into account. The important parameter is the release or absorption of heat per unit time, thus rapid scans tend to give sharper profiles relative to slow ones. In contrast, step-scanning calorimetry can be readily applied to complex, multicomponent systems such as magmas to provide in-situ quantitative measurements of enthalpy across the liquidus-solidus interval. Such measurements provide detailed information on the distribution of latent heat during melting and crystallization that cannot be obtained by conventional drop calorimetry. These data are critical for models describing the thermal evolution of cooling magma bodies.
